Abstract 6 Paired Associative Stimulation (PAS) has been explored in humans as a non-invasive tool to drive 7 plasticity and promote recovery after neurological insult. A more thorough understanding of the 8 phenomenon of PAS-induced plasticity is needed to fully harness it as a clinical tool. Here, we tested a 9
Tables: 31 
Spike Timing as a Driver of Synaptic Plasticity
Donald Hebb first postulated that coincident activity between active neurons could induce a change in 48 the strength of their connecting synapses (Hebb 1949) . The propensity to strengthen or weaken 49 synapses based on coincident activity could be a model of learning, paving a mechanistic foundation for 50 connecting biology with behaviour. At the outset however, it was clear that Hebbian learning principles 51 would need to be further refined to accurately describe biological phenomena at the synapse. Seminal 52 studies in spike-timing-dependent plasticity (STDP) (Markram, Lubke et al. 1997, Bi and Poo 1998) have 53 been conducted to develop models of this plasticity at the synaptic level. Whether synaptic potentiation 54 (Long Term Potentiation, LTP) or depression (Long Term Depression, LTD) occurs is contingent upon the 55 pattern of firing activity in the pre-and post-synaptic neurons (Cooper 2005) . 56
The Hebbian STDP model posits that activity in the pre-synaptic neuron should occur prior to activity in 57 the post-synaptic neuron for facilitation to occur at the target synapse (Feldman 2012) . One advantage 58
of the Hebbian STDP model is that accidental coincidences in pre-and post-synaptic firing do not 59 significantly change the strength of the synapse, and uncorrelated activity will lead to a weakening of 60 the connection (Song, Miller et al. 2000) . It suggests a method of neuromodulation, making conceivable 61 the artificial restructuring of cortico-cortical and cortico-spinal circuits involved in motor control towards 62 more beneficial and functional connections by inducing repetitive paired activity at a desired set of 63 synapses. This may even represent a framework for harnessing beneficial plasticity after 64 cerebrovascular or traumatic insult. 65
However, the STDP hypothesis as it applies to larger circuits such as the corticomotor system is 66 contingent upon certain assumptions, one being that principles derived from in vitro studies at the 67 synaptic level remain sound when applied to higher level systems in vivo. Beyond the complexity of the 68 system's anatomy, ongoing patterns of neural activity (spontaneous or behaviour related) may interfere 69 with the fine-tuned firing patterns which STDP putatively requires. Hence, although STDP has been well-70 studied at the synaptic scale, to really harness this model effectively, we need to study it more 71 systematically at the systems level in conjunction with ongoing neuronal activity. 72
Non-invasive Paired Associative Stimulation (PAS) in Humans 73
Paired Associative Stimulation (PAS) is a non-invasive method of modulating the excitability of the motor 74 cortex and downstream corticospinal connections to facilitate the recruitment of targeted muscles, 75 based on Hebbian STDP principles. The idea is that repeated coincidences of stimulation-induced activity 76 in targeted areas promotes strengthening of useful neural connections within the sensorimotor system. 77
The first clear demonstration of PAS in humans was designed to promote plasticity at the cortical level 78 ( and after intervention. The results indicated that topographically specific and sustained (30-60 min) 83 increases in excitability of the motor system was possible through non-invasive PAS in man, by carefully 84 timing cortical stimulation with somatosensory signals afferently propagated towards the cortex. 85
Taylor and Martin performed the first study demonstrating in humans that PAS could also be used to 86 induce a plasticity in the spinal circuits (Taylor and Martin 2009) . They demonstrated that by timing  87  peripheral nerve stimulation so that antidromic potentials in motoneurons reached the cell bodies in the  88  spinal cord one millisecond after the arrival of TMS-induced corticospinal volleys, they could induce a  89 sustained potentiation of the corticomotor circuits controlling the biceps brachii muscle. Since that 90 time, several studies have attempted to validate this phenomenon with mixed success, and studied 91 human PAS to target plasticity in the neural circuits controlling upper and lower limbs of man; see 92 (Carson and The project aimed to establish an effective animal PAS paradigm in the forelimb using an awake and 129 invasive rat model, to better understand the fundamental mechanisms of associative plasticity and 130 ultimately to improve interventions in humans for neurorehabilitation. 131
Hypotheses and Predictions 132
We hypothesized that we could use PAS to modulate corticomotor excitability toward target 133 contralateral muscles in the forelimbs of rats. Further, based on Hebbian principles we predicted that 134 LTP-like plasticity would be induced with spike timing conditions where the pre-synaptic descending 135
volley arrived at the level of the spinal cord a few milliseconds prior to, or at the same time as the 136 antidromic post-synaptic volley arising in motoneurons from peripheral stimulation of the target 137 muscles. By holding other PAS parameters constant (stimulation amplitude, frequency, number of 138 pulses), we tested PAS protocols in a randomized trial and predicted that different stimulation intervals 139 would induce systematic changes in corticomotor excitability as predicted by the STDP model. 140
Results 141

Failure of Spike Timing to Modulate Cortical and Spinal Plasticity 142
We tested a wide range of STDP-relevant intervals between cortical and peripheral stimuli (ISI 143 conditions), in a randomized fashion for each rat and used an EMG-controlled closed-loop method to 144 measure pre-and post-intervention MEPs. We found no significant modulation of corticospinal 145 excitability using our PAS intervention in vivo. We analyzed the MEP amplitudes obtained from cortical 146 stimulation probes before and after each PAS intervention using a mixed model ANOVA on the 147 normalized data. Probe time (SESSION) was considered a repeated-measures fixed factor, and ISI 148
Condition (CONDITION) was the second fixed factor. We included a SESSION x CONDITION interaction 149
term in the statistical model, and a random factor for the rat accounting for the randomized design. We 150 did not find a significant effect of our PAS intervention for any of the timings we tested ( Figure 2 ). 151
Statistically, there was no significant interaction between SESSION (pre-and post-intervention MEPs) 152
and CONDITION (F (28, 245) = 0.53, p > 0.05), Table 1 ), meaning that there was no ISI condition for 153 which the intervention resulted in a statistically significant change in corticospinal excitability over 154 assessment time. There was a significant main effect of ISI Condition however, F (14, 248) = 1.74, p = 155 0.049), independent of the time at which the MEP was measured post-intervention, indicating that the 156 ISI condition had a barely significant effect on the MEP amplitude. However, a two-way Dunnett's test 157 used a posteriori to make the relevant pairwise comparisons between the no stimulation control 158 condition and all other STDP and PAS control conditions, while controlling for family-wise error rate at 159 5% did not detect significant differences. There was no significant main effect of SESSION, F (2, 245) = 160 0.12, p > 0.05. In summary, our statistical analyses did not support the efficacy of PAS under these 161 conditions. 162
Control Experiments 163
Four different control protocols where we did cortical/muscle stimulation in isolation, no stimulation, 164
and maintained a large offset between paired stimuli, respectively did not significantly alter 165 corticomotor excitability (Figure 2 , conditions to the right of vertical dotted line). Interestingly, we noted 166 a trend towards a depressive effect for the cortical stimulation only (mean ratio post/pre = 0.86), muscle 167 stimulation only (0.93), and ISI +505ms stimulation (0.85) conditions, but not in the control condition for 168 which rats received no stimulations at all in place of a PAS intervention (0.98). 169
Discussion 170
There exists a mixed literature on human PAS and several variations of the original protocol ( control condition were all non-significant, leading us to conclude that our PAS protocol was ineffective 179 overall in potentiating corticospinal connections. 180
PAS Parameter Space 181
Setting aside spike timing, the entire parameter space for a PAS intervention protocol is vast, with no 182 known physiological principles guiding a specific combination of stimulation intensity, frequency and/or 183 number of repetitions over another. Consistent with most studies, we chose above-threshold but sub-184 maximal stimulation amplitudes (1.5x and 1.25x motor threshold for muscles and cortex respectively). 185 We decided on a PAS protocol with a number of paired stimulations (300) and stimulation frequency 186 (0.5 Hz) on the higher end compared to most other published protocols (Suppa, Quartarone et al. 2017) . 187 We reasoned that if anything, this would enhance any PAS effects. It would be possible but 188
counterintuitive that these differences reduced the likelihood of inducing plastic changes. 189
Neuromuscular Fatigue 190
We observed that MEPs after PAS interventions were generally smaller than the average of the baseline 191 measurements. 
Closed-loop Assessment 204
Another plausible explanation for our negative results is the high intrinsic variability observed in the 205 MEP responses of our rats during free behaviour. While we attempted to reduce this through our 206 closed-loop stimulation design, enabling us to probe the corticomotor system only when the pooled 207 motoneuron output (EMG) was within a fixed range of activity, it nevertheless remained high. Our EMG-208 based closed-loop pre-and post-intervention assessment probes were specifically designed to assess 209 the excitability of the corticomotor system at relatively similar, low levels of EMG activity (approximately 210 5-15% of maximum EMG amplitude observed under free behavior). The aim was to minimize MEP 211 variability, by avoiding stimulating in different conditions of corticomotor excitability, such as during a 212 strong voluntary contraction or during reciprocal inhibition acting on the recorded muscle. However, the 213 PAS intervention itself was not completed in an EMG dependent manner, because we could not record 214
and stimulate muscles simultaneously with our setup. Perhaps applying the closed-loop approach to the 215 paired stimulation as well, would have allowed for a more systematic and reproducible recruitment of 216 neuronal elements, thereby leading to more reliable PAS effects. 217
Stimulation Models and Specificity 218
In our chronic PAS model, we inserted electrodes directly into the target muscle, and validated this 219 approach in an acute experiment to verify that electrical stimulation of the muscle fiber was sufficient to 220 generate antidromic volleys back-propagating to the deafferented spinal cord. difference between rats and primates, we believe that this is not a critical factor to explain differences 243 between our negative results and successful human PAS. In addition to the variable conduction time 244
between individual fibers, a polysynaptic pathway will increase the temporal spread of action potentials 245 in a stimulation-induced volley. The ascending afferent sensory pathway in humans is polysynaptic 246 (Abraira and Ginty 2013) , and yet PAS is still effective when TMS is timed with the arrival of afferent 247 volleys in the cortex (Stefan, Kunesch et al. 2000) . By the same token, we expected that a polysynaptic 248 descending pathway would not prevent us from timing the descending volley with antidromic 249 motoneuron activation. 250
Opposing Plastic Changes Along the Corticomotor Pathway 251
Thinking along these lines, however, the ISI timing offset of the paired stimulation dictates the target 252 location of plasticity. In an ideal world, the effects will be localized only to one target area. However, 253 since the corticomotor contains multiple synaptic connections, any given ISI condition predicted to 254 induce LTP-like changes at one site according to Hebbian STDP (the motor cortex for example), could 255 lead to LTD-like effects at the second site (the spinal cord for instance), and vice versa. In rats, we 256 estimated the interval between PAS-induced pre-and post-synaptic activity at the cortex and the spinal 257 cord for given cortical and peripheral stimulation intervals. These opposing effects are reflected in the 258 lack of situations where LTP-like effects can be predicted at both spinal and cortical levels, represented 259 by numbers in green ( Figure 2 ). This competition between potentiation and depression at different 260 locations may reduce the PAS effectiveness to induce a net increase in corticospinal excitability. Due to 261 the non-invasive nature of human PAS experiments, this can potentially be an explanatory factor for the 262 variance in PAS effectiveness observed in the clinical data. This issue can be dissected in animal models 263 with terminal ex vivo experiments, but addressing this issue in vivo will require advances in our 264 stimulation methods to be simultaneously non-invasive, yet highly spatially specific. The goal here would 265 be to isolate the bookends of the paired stimulation just bounding the targeted synapses. That would be 266 a seminal advance in addressing the utility of PAS in vivo. 267
Seeking the Perfect Storm 268
Voluntary effort itself has been shown to be a necessary driver for potentiation in humans for specific 269 PAS protocols ( in humans as a therapeutic adjunct to stroke using a randomized double-blind controlled approach (the 287 CIPASS Trial) (Tarri, Brimhat et al. 2018 ). Both groups reported high between-subject variability in PAS 288 outcomes but found no consistent effect of PAS targeting spinal circuits, attributing the variability 289 observed to individual factors such as the lesion size / location, and different rehabilitation 290 intensiveness, both influencing the physiological capacity available for PAS effects. Importantly, the 291 degree of muscle facilitation can vary greatly even within the same participants across repeated PAS 292 sessions (Tarri, Brimhat et al. 2018 ). These studies emphasize the mercurial nature of PAS effectiveness 293 even within individuals, and the highly stereotyped/specialized conditions necessary for consistent 294 beneficial effects to become apparent. It may turn out that a conjunction of multiple concurrently acting 295 factors is necessary in order to facilitate PAS potentiation under free behavior in animals. 296
Conclusion 297
In conclusion, our data does not support the effectiveness of PAS in promoting plasticity through the 298
Hebbian STDP model in freely behaving rodents. Our initial goal was to develop a clinically relevant 299 animal model for paired stimulation which would have allowed more detailed studies and optimize 300
interventions. Although the model itself was developed successfully, this series of experiments 301
suggested that an open-loop PAS intervention in a freely moving animal is not effective to reliably drive 302 plasticity in the corticospinal system. Our results highlight the complexity of associative plasticity and 303 demonstrate that forced coincidence of neuronal activity is not sufficient to reliably potentiate 304 corticospinal excitability. Future research will need to investigate whether other variations in the PAS 305 parameter space, reduction of interference from ongoing neuronal activity or manipulations of 306 neuromodulators may be required to drive corticospinal potentiation more reliably. This will determine 307
whether PAS indeed has potential as an interventional measure for modulating corticomotor plasticity. 308
Methods 309
Animals and Surgical Preparation 310
All animal handling and experimentation were performed in accordance with institutional review board 311 (Comité de Protection des Animaux de l'Université Laval), and guidelines from the Canadian Council on 312
Animal Care. Nine Long Evans rats and one Sprague-Dawley rat (all male) were housed under 12/12 313 inverse light-day cycle with food and water available ad libitum. 150 experimental sessions were 314 planned in ten animals, to investigate the effectiveness of 15 inter-stimulus intervals (ISI), including 315 controls. However, due to rare implant failure, some ISIs were not tested in all the rats. All ISI conditions 316
were tested in a minimum of five animals, and an average of seven to eight ( Supplementary Table 1 ). 317
Our PAS intervention typically targeted the extensor carpi radialis muscle. However, in some animals, we 318 used pairs of EMG wires implanted in more proximal locations (Biceps or Trapezius muscles). The 319 distribution of muscles tested within the full dataset is shown in Supplementary Table 2 . 320
Chronic PAS Implantation Surgery 321
During aseptic surgeries performed under isoflurane anesthesia, rats were implanted with 1 mm x 1 mm 322 custom square arrays of four 80/20 platinum-iridium electrodes, each 75 microns in diameter. The array 323 was inserted into the caudal forelimb area (CFA) of the primary motor cortex (M1) by a stereotaxic 324 craniectomy, centered at 1mm anterior and 3.5mm lateral relative to bregma, and the surrounding 325 exposed dura matter was covered with silicone gel for protection. Three pairs of PFA-coated multi-326 stranded stainless-steel wire electrodes (A-M Systems Inc.) were inserted into the contralateral extensor 327 carpi radialis (ECR), biceps brachii and trapezius muscles (the latter two serving as alternative muscles in 328 case the ECR electrode failed). EMG and cortical electrodes were pre-soldered to either an InVivo1 329 MS12P or a SAMTEC 2x7 connector, which were secured to the skull with dental cement and six bone 330 screws as anchors. A posterior skull screw served as the ground electrode for cortical monopolar 331
stimulation. An additional reference electrode for the EMG measurement was embedded 332 subcutaneously in the upper back. See the Figure 1 inset for a visual schematic of the electrode array as 333 well as the implant location. Animals recovered undisturbed for a week after implantation prior to 334 testing and were given time to familiarize themselves with being connected prior to data collection. 335
Study Design and Experimental Paradigm 336
We used a repeated-measures randomized block design (same rat tested on all ISI conditions in a 337
randomized order) to test the effect of STDP Timing Condition on the change in integral of the averaged 338 MEP response after the PAS experiment. 339
We tested ten rats with chronic implants. Each rat was to be tested once in each condition. To account 340
for possible order effects inherent to a within-subjects design, the order of testing conditions was 341 randomly assigned using the randperm function in MATLAB. One condition (ISI -15ms) was added at the 342 end for six rats which had all data collection completed, based on another study (Zhang, Sui et al. 2018 ) 343
which showed a promising timing condition and was published while data collection was in progress. For 344 rats with whom data collection had not started yet, a re-randomization was performed to integrate this 345 new condition. For each rat, each test was separated by roughly 24 hours, to minimize carryover effects 346 between previous paired stimulation interventions. 347
We tested four control conditions: three PAS controls, involving (1) cortical stimulation only, (2)-348 peripheral stimulation only, and (3) no stimulation, as well as (4) one extra-long ISI timing control 349
involving paired stimulation of the motor cortex and the contralateral peripheral muscle offset by +505 350
ms. We reasoned that if timing during paired stimulation was the driving factor behind plasticity, and 351 not the pairing of stimulation per se, this condition should have a null effect comparable to the previous 352 PAS control conditions. 353
Each experiment followed a fixed schedule (see Figure 3) . After connecting the rat to the hardware 354
interface, we completed three 5 minute "probes" to assess the corticomotor excitability prior to the PAS 355 intervention (see following section). The probe was completed when 30 stimulations were delivered, or 356 5 minutes had elapsed, whichever came first. Probes were separated by 10 minutes each. After each 357 PAS intervention, three post-PAS probes were completed in the same manner to assess excitability of 358 the corticomotor system after paired stimulation. We allotted 2 minutes for wire switching and software 359 changes, immediately before and after each PAS intervention. 360
Probe Assessment of Corticomotor Excitability 361
To assess corticomotor excitability before and after PAS, we compared the size of MEPs obtained from 362 cortical stimulation using a closed-loop stimulation protocol. The EMG activity in the target muscle was 363 continuously measured, and cortical stimulation was triggered in real-time if the activity reached within 364
[2 12] SD above the baseline (defined as the mean value of the rectified EMG signal measured over two 365 seconds when the limb was fully relaxed), and the if EMG activity was on the rising phase (contraction 366 was being initiated during free behaviour as opposed to when the muscle was relaxing from a previously 367 larger contraction). We thought that restricting the conditions for stimulation to a low-moderate level of 368 voluntary activation of the corticospinal system achieved during free behavior 369 (walking/grooming/exploring) would reduce the baseline MEP variability observed with cortical 370 stimulation (Darling, Wolf et al. 2006 ). To do this, we used the envelope function in MATLAB, which 371 calculated the peak envelope of the filtered data with a moving spline over the local maxima of the 372 previous 32 data points. Cortical stimulation was contingent upon the EMG envelope crossing the pre-373 determined activity threshold. The variability was still high albeit reduced after applying the closed-loop 374 stimulation protocol, so we averaged all three baseline measurements during the statistical analysis to 375 obtain an overall assessment of corticomotor excitability prior to the PAS intervention. We recorded 376 from different muscles, depending on the location where we obtained the best quality MEPs 377
( Supplementary Table 2 ). We always started with the most distal forelimb muscles (the extensors) and 378 moved proximally for each rat, as necessary. In one rat, we used a monopolar EMG recording 379 configuration resulting in an EMG signal contaminated with crosstalk from cardiac activity. We manually 380 adjusted the upper and lower limit of the EMG window enabling probe stimulation, in a manner that 381 better reflected a low amplitude muscle contraction. 382
Electrophysiological Data Acquisition and Stimulation Configuration 383
Independent paired electrical stimulation protocols were achieved through two A-M Systems (Sequim, 384 WA, USA) 2100 stimulators, each connected to separate pins on an InVivo1 (Roanoke, VA, USA) 385
commutator through a custom-made breakout board interface. Multi-channel recording was made 386 possible by routing the EMG signal into a Brownlee Precision Model 440 (Santa Clara, CA, USA) 387
Instrumentation Amplifier. Within this unit, a signal gain of 100, a bandpass filter between 50 Hz and 1.0 388 kHz was used for EMG, and bandpass of 1-300Hz for LFP signals. A 60Hz notch filter was applied. This 389 output signal was split in two, with one copy being routed into a Powerlab 8/sp unit by AD Instruments 390 (Colorado Springs, CO, USA), and further processed with a 10 Hz highpass filter before being saved. The 391 second copy was routed into a National Instruments (Austin, TX, USA) Digital to Analog Converter (DAC) 392 SCB-68A system, which was operated via custom MATLAB software. We used the DAC system and 393
MATLAB software to initiate all probe and PAS stimulation protocols, via the trigger input ports on the 394
A-M systems stimulators. 395
Latency Measurements and Sign Convention for Spike Timing Experiments 396
To confirm the conduction latencies, we completed a series of acute experiments under 397 ketamine/xylazine and urethane anaesthesia, in rats with a similar weight and size to those used for 398 chronic implants. We performed an acute laminectomy under urethane anaesthesia to measure the 399 antidromic conduction time in motoneurons between the muscle and the spinal cord. We exposed the 400 dorsal spinal cord between the C4 and C6 regions. With the dura intact, we inserted a tungsten 401 electrode, 127 um in diameter in the C5 region ipsilateral to the right forelimb, 1.0 mm lateral to the 402 midline. We also inserted a pair of EMG electrodes in the right extensor carpi radialis using the same 403 method as in the chronic implants. Stimulation of the spinal cord C5 region using single pulses led to an 404 isolated wrist extension in the rat's forelimb, verifying the location of the ECR motoneuron pool for 405 efferent connections (Tosolini and Morris 2012). The dorsal spinal cord was deafferented between C3 406 and C7, to isolate antidromic propagation instead of conduction along afferent sensory fibers. Following 407 this, we stimulated the EMG electrodes and recorded local field potentials (LFPs) from the electrode site 408 in C5. Filtering parameters for the LFP recording included a bandpass of 1-300Hz, with a 60Hz notch 409
filter applied and a gain of 100. Data was averaged across 200 stimulations. We determined the afferent 410 latency to be 3 ms (Supplementary Figure 1A) . 411
To measure the time a neuronal volley requires to reach the cortex after muscle stimulation, we 412 recorded local field potential (LFP) responses in M1 following intramuscular stimulation (Supplementary 413 Figure 1B ). We postulated that the peak of the initial negative inflection in the local field potential from 414 contralateral muscle stimulation reflected the time at which the greatest neural activity is observed 415 amongst the post-synaptic neurons in the cortex. We inserted a pair of EMG electrodes in the right 416 extensor carpi radialis, then inserted one platinum-iridium electrode 1.5 mm DV into M1 centered at the 417 array coordinates for the other rats. A second electrode about 1 mm lateral from the first was 418 positioned on the surface of the dura. Both cortical electrodes were connected by a common ground at 419 the skull screw, and local field potentials (LFPs) were measured by calculating the voltage differential 420 between the cortical electrodes with the same LFP recording parameters above. Stimulation was 421 delivered to the EMG electrode in the right ECR through bipolar single pulses with a 0.2 ms duration, 422 repeated at 0.5 Hz. Data was averaged across 360 stimulations. The afferent latency from ECR 423 stimulation to cortical evoked potential was 16 ms (Supplementary Figure 1B) . With an average MEP 424 latency of 12 ms for ECR and a 3 ms travel time from muscle to spinal cord, we estimated a latency of 9 425 ms for a cortical stimulation-induced descending volley to reach motoneurons, including synaptic 426 integration time. These latencies are reported in Figure 1 . 427
Using these conduction latencies, we chose a set of stimulus intervals which would result in various pre-428
and post-synaptic timing relevant to the rules of spike-timing-dependent plasticity, either at the cortical 429 and/or spinal levels. The full list of ISI conditions tested can be found in Supplementary Table 1 . Our 430 experimental design and results followed the convention that a positive latency means the periphery 431 was stimulated after the cortex by that time difference. These stimulation offsets lead to physiological 432 offsets calculated at the levels of the spinal cord and cortex; positive latencies result in pre-synaptic 433 activity that preceded post-synaptic activity at the specified location. 434
PAS Intervention 435
We used a PAS protocol of 300 paired stimulations to the motor cortex and designated peripheral 436 muscle, using single pulses of biphasic electrical stimulation 0.2 ms in duration, separated by 0.5 Hz. We 437 note that this is on the higher end in terms of number of paired stimulations compared to previous 438 protocols, and is delivered at a higher frequency -but we reasoned, in the absence of evidence 439 otherwise, that any effect that may be present due to paired stimulation should be enhanced using this 440 slightly more intensive protocol. 441
Cortical stimulation intensity was set at 1.25 times the threshold for a MEP and muscle stimulation at 442 1.5 times the threshold to elicit a visible twitch. Thresholds were operationally defined as the minimal 443 stimulation intensity required to induce a response more than 50% of the time. All PAS experiments 444
were completed in the animals' home cage with a modified cover that enabled us to pass the tethering 445 cable, during free behavior (consisting mostly of walking, grooming, and exploring, sometimes sleeping). 446
MEP measurement 447
Raw EMG data was saved and processed offline in LabChart Version 7 and custom scripts written in 448 MATLAB (codebase at https://github.com/ethierlab/PAS). We plotted all individual responses for each 449 cortical stimulation and manually excluded trials for which there was significant excessive movement 450 artifact, and/or lack of EMG signal (this was rare and the most likely reason was due to an intermittent 451 connection with a faulty cable, repaired or replaced promptly). The resulting set of verified MEPs for 452 each probe were collected for further analysis (Figure 4) . 453 MEP amplitudes were initially quantified with three different methods: (1) the peak-to-peak value of 454 individual EMG responses (the literature standard), (2) the mean value of the integral of individual 455 rectified EMG responses, measured over a tailored time window following stimulation, and (3) the 456 integral of the averaged rectified EMG responses, over the same time window. Every individual response 457
to cortical stimulation was first manually screened to exclude any EMG traces containing large 458 movement artifacts or other obvious contamination. In pilot analyses (unpublished data) we assessed 459 qualitatively that the calculation method did not much impact the normalized changes in the MEPs, so 460
we proceeded with taking the integral of the average response for the probe (method 3 above). We 461 reasoned that this approach was most effective in capturing both unimodal and multimodal MEP 462 responses. This decision was made prior to the pooled study data analysis. In summary, the MEP values 463
reported here were thus calculated by first rectifying the filtered EMG signal, then averaging the activity 464 from all stimuli within a probe post-screening, and then calculating the integral of the resulting signal 465 (Figure 4 ). 466
Statistical Analysis 467
Statistical analysis and visualization were completed using SAS Software, version 9.4 for Windows, and 468
Minitab 18 for Windows. We completed a mixed design ANOVA with repeated measures on the 469 normalized data to test the main effects of ISI Timing Condition (CONDITION) with fifteen levels (one for 470 each of 11 timings and four control conditions) as well as PAS Probe (SESSION) with three levels (2, 17 471 and 32 min after PAS). We also tested for any interaction effects between CONDITION and SESSION. A 472 random effect on the rat was used to account for the randomized block design. The level of significance 473 for the mixed ANOVA was fixed at p < 0.05. Type III Fixed Effects are reported in Table 1, obtained  474 through the Restricted Maximum Likelihood (REML) Estimation method. Post-hoc pairwise comparisons 475 between ISI conditions were completed using Dunnett's Test with the family-wise error rate also set at 476 0.05. Data from one rat in the ISI +6 condition was removed from the analysis because of poor data 477 quality (very few MEPs in each probe). Normality was assessed on standardized residuals using graphical 478 methods. 479 separated by 10 minutes. The PAS session itself, involving 300 pairs of stimuli to the cortex and the 695 muscle at a rate of 0.5 Hz, took about 10 minutes. This was followed by three post-PAS probes so we 696 could assess corticospinal excitability up to 30 minutes after paired stimulation for each inter-stimulus 697
interval. After each experiment, we manually verified all MEPs using custom software and excluded 698 traces with movement artifacts or noisy EMG signals .  699   700  701  702  703  704  705  706  707  708  709  710  711  712  713  714  715  716  717  718  719  720 721 722 
